Major benthic foraminiferal changes occurred in the late Eocene at Site 549. A Nuttallides truempyi-dominated assemblage was replaced by a buliminid assemblage (-40-38.5 m.y. ago); this change in faunal abundance was apparently a circum-Atlantic event. The buliminid assemblage was replaced, in turn, by an assemblage dominated by stratigraphically long-ranging and bathymetrically wide-ranging taxa just below the Eocene/Oligocene boundary (~37.5 m.y. ago). A series of late Eocene to earliest Oligocene first and last appearances of taxa accompanied these abundance changes. Similar changes in faunal abundance occurred at Site 548, but the incomplete record recovered at Site 548 prevents a firm dating of the changes. No major benthic foraminiferal changes (denoted by the extinction of Hαntkeninα, Cribrohαntkeninα, and Globorotαliα cerroαzulensis) were associated with the Eocene/Oligocene boundary at these sites; instead, benthic foraminiferal abundance changes, last appearances (both extinctions and local disappearances), and first appearances occurred throughout the late Eocene to earliest Oligocene interval (-40-36 m.y. ago).
INTRODUCTION
The recovery of numerous Tertiary deep-sea sections by the Deep Sea Drilling Project (DSDP) has led to a rapidly expanding data base for the study of Tertiary deep-sea benthic foraminiferal assemblages which, in turn, has led to renewed interest in this group (Berggren, 1972a; Douglas, 1973; Berggren and Aubert, 1976; Resig, 1976; Proto-Decima and Bolli, 1978; Schnitker, 1979; Boltovskoy,1980; Corliss, 1979a Corliss, , 1981 Tjalsma and Lohmann, 1983; Douglas and Woodruff, 1982; Miller, 1983; Berggren and Schnitker, 1983) . Comparison among these studies has been difficult owing to disagreements in taxonomy (Boltovskoy, 1980) and differences in size-fraction studies. Tjalsma and Lohmann (1983) have, however, made a detailed taxonomic revision of late Paleogene deep-sea benthic foraminifers, which now allows placement of these taxa into a standardized framework.
The seismic stratigraphic record provides a different type of evidence for changes in abyssal circulation. Miller and Tucholke (1983) presented a model for the development of abyssal circulation in the North Atlantic derived from seismic stratigraphic studies of the Rockall region and the southern Labrador Sea (Jones et al., 1970; Ruddiman, 1972; Roberts, 1975; Miller and Tucholke, 1983) . The model suggests that an erosional episode, representing the most vigorous bottom-water flow, occurred in the latest Eocene through early Oligocene, and that subsequent depositional sequences, resulting from generally decreasing bottom-water flow (occasionally punctuated by erosional events), occurred in the late Oligocene through Neogene. Miller (1983) used the taxonomic base of Tjalsma and Lohmann (1983) to identify late Paleogene bathyal to abyssal assemblages in the Bay of Biscay (DSDP Legs 12 and 48), and interpreted changes in assemblages, taking the abyssal circulation model into account. Miller and Curry (1982) attempted to date major benthic foraminiferal 18 O and 13 C enrichments in the Bay of Biscay and to relate them to changes in abyssal circulation and assemblages. Unfortunately, the stratigraphic record recovered in the Bay of Biscay before Leg 80 was not complete enough to resolve firmly the timing of major benthic foraminiferal isotopic and assemblage changes and their relation to the circulation model. This study analyzes changes in benthic foraminiferal assemblages from the Eocene through Oligocene of Site 548 (1256 m present depth), Site 549 (2533 m present depth), and Site 550 (4432 m present depth), and presents benthic foraminiferal δ 18 θ and δ 13 C analyses from Site 549. The Eocene to Oligocene chronostratigraphic record recovered in the North Atlantic before Leg 80 is punctuated by numerous hiatuses (Moore et al., 1978; Miller and Tucholke, 1983) , which prevented delineation of isotopic and faunal changes in this part of the ocean. The relatively complete record recovered at Site 549 allows a determination of the faunal and isotopic changes across the Eocene/Oligocene boundary. Here, a major faunal change associated with a 13 C enrichment occurred in the early late Eocene; subsequent isotopic and faunal changes occurred in the late Eocene, culminating in a sharp increase in δ 18 θ and δ 13 C near the Eocene/Oligocene boundary. Schnitker (1979) described Paleocene to Oligocene benthic foraminiferal assemblages recovered from Sites 400 (4399 m) and 401 (2495 m) on the Armorican Margin in the Bay of Biscay (Fig. 1) . He suggested that a "peak in faunal turnover" occurred at the Eocene/Oligocene boundary, agreeing with Kennett and Shackleton (1976) , who suggested that a crisis in deep-sea benthic foraminifers occurred at this time. Benson (1975) and Ducasse and Peypouquet (1979) noted that a major change in deep-sea ostracodes occurred between the middle Eocene and the early Oligocene, and suggested that this igure 1. Site location map, Bay of Biscay (modified after Miller, 1983) .
PREVIOUS WORK
change also occurred near the Eocene/Oligocene boundary. Subsequent workers disputed these conclusions. The upper Eocene section is missing at Site 400, and the Oligocene is missing at Site 401 (Montadert, Roberts, et al., 1979; Krasheninnikov, 1979; ; Schnitker's conclusions are therefore based upon a comparison of different time intervals from different depositional depths, and do not clearly document the timing of the taxonomic changes (Miller, 1983) . Corliss (1979a; , Tjalsma (1982) , and Tjalsma and Lohmann (1983) hypothesized that no catastrophic changes occurred in response to the late Eocene to early Oligocene oceanographic changes, but that benthic foraminifers gradually or sequentially changed from the middle Eocene to the early Oligocene. As a means of testing this model, Corliss (1981) evaluated Schnitker's (1979) Site 400 data and concluded that in the Bay of Biscay there were two periods with an increased number of first and last appearances of taxa (Zones P12 and PI8/19) . Hiatuses and drilling disturbance encountered at Site 400 make it likely, however, that these periods of first and last appearances are artifacts of sampling. A more complete, undisturbed section is needed to determine late Paleogene faunal changes in the Bay of Biscay.
A major faunal change occurred between the early middle Eocene and the earliest Oligocene at two deep abyssal (both > 3 km) sites in the Bay of Biscay (Sites 119 and 400); this faunal change resulted from the extinction of an assemblage dominated by Cretaceous and early Paleogene relict species. Nuttallides truempyi, Clinapertina spp., and Abyssamina spp., which dominated the Eocene abyssal benthic assemblage, were replaced by increasingly abundant, bathymetrically wide-ranging and stratigraphically long-ranging taxa: Oridorsalis spp., Globocassidulina subglobosa, Gyroidinoides spp., and the Cibicidoides ungerianus plexus. Most of the extinctions occurred before the early Oligocene, although upper Eocene hiatuses encountered at Sites 119 and 400 prevented dating the timing of these extinctions (Miller, 1983) .
Eocene to Oligocene deep-sea benthic foraminiferal changes are better defined in the South Atlantic and Caribbean because of the more complete record recovered there. Here, Tjalsma and Lohmann (1983) showed that a sequence of faunal changes occurred during the middle Eocene to Oligocene: (1) a change from an early and middle Eocene Nuttallides truempyi assemblage to a late Eocene assemblage characterized by Globocassidulina subglobosa, Gyroidinoides spp., Cibicidoides ungerianus, and Oridorsalis umbonatus; (2) the extinction of N. truempyi in the latest Eocene; and (3) the appearance of Nuttallides umbonifera in the late Eocene. In addition, Tjalsma (1982 and pers. comm., 1982) noted that (4) N. umbonifera, G. subglobosa, Gyroidinoides spp., C. ungerianus, and O. umbonatus dominated in the Oligocene; and (5) no major changes in deep-sea benthic foraminiferal assemblages occurred across the Eocene/Oligocene boundary. The most dramatic of the middle Eocene to early Oligocene changes was the replacement of the N. truempyi assemblage by the G. subglobosa- Gyroidinoides-C. ungerianus-O. umbonatus as- semblage. On the basis of the replacement of N. truempyi at Site 357 (Rio Grande Rise) near the early/middle Eocene boundary, Tjalsma and Lohmann (1983) suggested that this replacement was diachronous, occurring in the early middle Eocene at shallow sites and near the middle/late Eocene boundary in deeper sites.
Conflicting paleoceanographic interpretations have been deduced from late Paleogene benthic foraminiferal changes. Schnitker (1979 Schnitker ( , 1980a ascribed the Eocene/ Oligocene benthic foraminiferal changes in the Bay of Biscay to the initial formation of cold bottom water derived from the Southern Ocean. Miller and Tucholke (1983) noted that the influence of any southern bottom water on the deep Bay of Biscay probably was minimal because of its inhibition by topographic barriers: the Azores-Biscay Rise (Fig. 1) , the Azores-Gibraltar Rise, and the Madeira-Tore Rise. On the basis of this and the abyssal circulation model presented by Miller and Tucholke (1983) , Eocene to Oligocene faunal (Miller, 1983) and isotopic (Miller and Curry, 1982) changes in the Bay of Biscay were attributed to initial input of northern (viz. the Norwegian-Greenland Sea and/or Arctic Ocean) sources of cold bottom water.
During the Oligocene, Nuttallides umbonifera replaced the Eocene species N. truempyi as the predominant abyssal benthic foraminifer in the Bay of Biscay, reaching peak abundance in the middle Oligocene at Sites 119 and 400. In the modern oceans, the abundance of N. umbonifera is positively correlated with increased corrosiveness of bottom water (Bremer and Lohmann, 1982) ; at Site 119 the greatest abundances of Nuttallides spp. are associated with the lowest δ 13 C values in benthic foraminifers (Miller and Curry, 1982) . Lower δ 13 C values are often associated with water masses which are, in turn, more corrosive to carbonate (Kroopnick et al., 1972; Kroopnick, 1974 Kroopnick, , 1980 Lohmann and Carlson, 1981) . Thus, the early to middle Eocene and middle Oligocene of Site 119 were interpreted as reflecting older (low O 2 , high nutrients, high CO 2 , low pH, hence more corrosive) bottom water (Miller and Curry, 1982; Miller, 1983) . Miller and Curry (1982) reported on oxygen and carbon isotopic compositions of benthic foraminifers from Sites 119 and 401. They found that δ 18 θ values increased 1.9‰ and δ 13 C values increased ~0.8‰ between the early middle Eocene (Zones NP13-NP15) and the earliest Oligocene (Zone NP21) of Site 119. They combined isotopic records for Sites 119 and 401 and concluded that ~1.4%o of the δ 18 θ increase occurred in the late Eocene to earliest Oligocene. On the basis of biostratigraphic zonations, they could not resolve firmly the exact timing of the enrichment, which may have occurred within an interval of less than 1 m.y. (within Zone NP21) or an interval as long as 4 m.y. (between Zones PI5 and NP21).
The isotopic results of Vergnaud Grazzini et al. (1978 for Site 400 (Bay of Biscay) and of Vergnaud for Site 398 (off Portugal) (Fig. 1 ) contrast with those of Miller and Curry (1982) in both magnitude and timing. Miller and Curry (1982) suggested, however, that the low Eocene benthic foraminiferal δ 18 θ values noted at Sites 400 and 398 (as much as 2%o lower than at Sites 119 and 401) resulted from the diagenetic alteration of foraminiferal tests in these more deeply buried sites.
METHODS
Benthic foraminifers were examined from the Eocene through Oligocene sections recovered at Site 549 (25 samples), Site 548 (13 samples), and Site 550 (14 samples). The samples were washed through a 63-µm sieve with hydrogen peroxide (3‰) and sodium carbonate or a sodium hexametaphosphate solution. Aliquots from the > 149-µm sizefraction (the size-fraction used by Tjalsma and Lohmann, 1983, and Miller, 1983) were picked and mounted on a reference slide. Approximately 300 to 500 specimens were picked whenever possible (Tables 1  and 2 ).
The benthic foraminifers were identified using the taxonomy outlined by Tjalsma and Lohmann (1983) and Miller (1983) . The census data are presented as percent of total benthic foraminifers counted (Tables 1 and 2). Using computer programs provided by Lohmann (1980 and pers. comm., 1982) , we made principal-component analyses and compared census values for Sites 548 (1256 m present depth) and 549 (2533 m present depth) with previous results from Sites 119 (4447 m present depth) and 401 (2495 m present depth) (both Bay of Biscay) and with the species distribution (percent) data of Tjalsma and Lohmann (1983) .
We computed Q-mode principal components for Site 549 and Site 548 samples with more than 100 specimens, and computed loadings of the Bay of Biscay/Goban Spur samples onto Tjalsma's and Lohmann's (1983) Eocene Q-mode principal components. Tjalsma and Lohmann (1983) presented census data for 48 Eocene taxa that were used in all these computations. Although they did not record some taxa that were abundant in this study (mainly Astrononion pusillum), their 48 taxa account for approximately 70% of the total benthic foraminifers counted for Sites 549 and 548 (except Sample 549A-7-6, 118-123 cm; Tables 1 and 2 ). Tjalsma's and Lohmann's (1983) 48 taxa also accounted for ~ 70% of the total fauna counted within their data set (table 6 in Tjalsma and Lohmann, 1982) .
Isotopic analyses were performed on samples of the benthic foraminiferal taxon Cibicidoides. Samples for isotopic studies were ultrasonically cleaned in distilled water, lightly crushed in methyl alcohol, and heated at 370°C in a vacuum to remove organic matter. The CaCO 3 was reacted with H 3 PO 4 at 50°C. Evolved gas was frozen in a liquid nitrogen cold finger as it was produced. CO 2 and water were separated by a series of distillations, and the purified CO 2 was analyzed in an on-line VG Micromass 602E mass spectrometer at Woods Hole Oceanographic Institution. Results are presented as per mil differences from PDB. Analytical precision, based upon replicate analyses of NBS-20, is ~ ±O.l‰ for both δ 18 θ and δ 13 C. Duplication of three benthic foraminiferal samples yielded results which differed by 0.16, 0.3, and 0.04‰ for δ 18 θ and 0.03, 0.04, and 0.11‰ for δ 13 C.
RESULTS AND DISCUSSION

Water Depth vs. Time
Sites 548 and 549 were drilled on continental crust, and therefore cannot be "backtracked" in the standard manner (Berger and Winterer, 1974; Sclater et al., 1977) . Site 550 was drilled on ocean crust, however, and empirical age-vs.-subsidence curves for ocean crust (Sclater et .al., 1971; Parsons and Sclater, 1977) can be used to "backtrack" this site; its subsidence can be used to estimate the subsidence of Sites 548 and 549. Backtracking Site 550 (4432 m present depth) along an empirical agesubsidence curve for the North Atlantic (Tucholke and Vogt, 1979) , assuming that the crust is upper Albian (-100 m.y. old) and correcting for isostatic loading of sediments, suggests Eocene through Oligocene water depths of -4000 to 4300 m (Montadert et al., this vol.) . These estimates agree with faunal estimates of depositional depth >3 km. The benthic foraminifers at Site 550 are similar to assemblages noted at Site 119 and Site 440 (Miller, 1983) and to deep abyssal sites of Tjalsma and Lohmann (1983) .
Assuming that the elevation difference of basement between Sites 550 and 549 remained constant (-1929 m; de Graciansky, Poag, et al., this vol.) , seafloor at Site 549 (2538 m present depth) was at -2000 to 2300 m in the Eocene through Oligocene (Montadert et al., this vol.) . Similarly, assuming a constant elevation difference between the basement at Sites 548 and 550, Eocene through Oligocene water depths were ~ 1100 to 1400 m (Montadert et al., this vol.) .
Faunal evidence as to depositional depths supports these estimates. Tjalsma and Lohmann (1983) and Tjalsma (pers. comm., 1982) compiled benthic foraminiferal census data for DSDP sites on ocean crust that had been backtracked. Benthic foraminifers at Site 549 are typical for intermediate-depth sites when compared with the Eocene data of Tjalsma and Lohmann (1983) . The absence of Abyssamina spp. and Clinapertina spp., low abundance of Aragonia spp. and Cibicidoides grimsdalei, and greater abundance of C. tuxpamensis, Hanzawaia cushmani, and Osangulaha spp. are typical for sites between 2000 and 2500 m. Similarly, comparison with Oligocene data (Tjalsma, pers. comm., 1982) shows that the low abundance of Lenticulina spp., Bulimina alazanensis, Siphonina, Nuttallides umbonifera, and high abundance of Astrononion pusillum also are typical for these depositional depths.
The Site 548 assemblages compare well with those from Site 516 (Rio Grande Rise, South Atlantic). Owing to uplift of Site 516 in the Eocene, it also cannot be backtracked in the usual manner; however, crude subsidence estimates place it near 1 km depth in the late Paleogene (Tjalsma, pers. comm., 1982) . These assemblages are characterized by the very high abundance of Lenticulina spp. and B. alazanensis, high abundance of Planulina spp. and Siphonina spp., and lower abundance of pleurostomellids.
Biostratigraphy, Site 549
Two holes were cored at Site 549. Hole 549A was cored using a hydraulic piston from Cores 549A-1 through 549A-42 (Pleistocene to upper Eocene). Hole 549 (middle Eocene and older) was cored with a rotary drill. The samples we obtained for quantitative benthic foraminiferal studies were also examined qualitatively for planktonic foraminiferal content; in addition, nannofossil zonations for the samples were provided by M.-P. Aubry (pers. comm., 1982) (Table 3 ) to confirm the ages of the intervals that we sampled. The zonations presented here (and those for Sites 548 and 550) agree well with the zonations presented in the site chapters and elsewhere (Müller, this vol.; Snyder and Waters, this vol.) ; although some discrepancies occur between planktonic foraminiferal zonations in the middle Oligocene, the major stage and epoch boundaries coincide.
The placement of the Eocene/Oligocene boundary at Site 549 warrants further discussion. The boundary was placed at the level of the extinction of Globorotalia cerroazulensis cunialensis, G. cerroazulensis cocoaensis, Species included in census of Tjalsma and Lohmann (1982) Simple agglutinants Table 3 . b Percent of total number counted not accounted for by the first 48 taxa in the table (i.e., the 48 species used by Tjalsma and Lohmann, 1982) . Species included in census of Tjalsma and Lohmann (1982) Simple agglutinates a Sample number refers to designations given in Table 4 . Percent of total number counted not accounted for by the first 48 taxa in the table (i.e., the 48 species used by Tjalsma and Lohmann, 1982) .
Hantkenina alabamensis, and Cribrohantkenina (Plate 6). This occurs within the 22-m interval assigned to Zone NP21 (Müller, this vol.; (Müller, this vol.; M.-P. Aubry, pers. comm., 1982) . This agrees with the relationships noted by Van Couvering et al. (1981) , who pointed out that the extinction of planktonic foraminifers used to identify the top of the Eocene occurred before the extinction of the taxa used to define the top of Zone NP21. Thus, Zone NP21 straddles the Eocene/Oligocene boundary (see also Hardenbol and Berggren, 1978) . Average sediment accumulation rate for the upper Eocene to lower Oligocene section was ~20 m/m.y.; there is no evidence for a hiatus at the Eocene/Oligocene boundary, although core recovery was incomplete (Fig. 2) . Although the uppermost lower Eocene through lower Oligocene section is probably continuous, a hiatus (~ 6 m.y.) or condensed interval probably occurs in the middle Oligocene of Hole 549A (between Samples 549A-11-6, 143-148 cm and 549A-10-6, 143-148 cm) (Fig. 2 ). This is suggested by the very low (<4 m/m.y.) middle Oligocene sediment accumulation rates, although every nannofossil zone and possibly every planktonic foraminiferal zone may be present (Müller, this vol.; Snyder and Waters, this vol.) and there is little physical evidence for an unconformity (site chapter). Still, the low middle Oligocene sediment accumulation rates are well established. That Sections 549A-17-1 through 549A-11-6 belong to the lower Oligocene (upper Zone NP21 to Zone NP22) is well documented (Table 3 ). The overlying sample (from Section 549A-10-6) is assigned to Zone NP23 (M.-P. Aubry, pers. comm., 1982; Table 3 ); unfortunately, the planktonic foraminiferal zonal assignment is equivocal (Zone P21A or possibly Zone P20, Table 3 ; Zone PI9/20, Snyder and Waters, this vol.). Sample 549A-9-6, 70-75 cm is upper Oligocene (Zone P21A; Zone NP24/NP25, M.-P. Aubry, pers. comm., 1982) . Zone NP23 (-5.5 m.y. in duration; Hardenbol and Berggren, 1978 ) is therefore constrained to an interval less than 20 m thick (average accumulation rate < 4 m/m.y.), suggesting that a disconformity or at least a condensed interval may exist. The hiatus, if present, would correlate with a similar gap at Site 548. The middle Oligocene hiatus delineated in Figure 2 may be revised in light of future biostratigraphic studies. Berggren (pers. comm., 1982) notes that the last appearance of Pseudohastigerina occurred not at the top Table 3 . Zonal age assignments, Site 549. Bolli (1957a, b) , (2) Bolli (1966), (3) Stainforth et al. (1975) , (4) Blow (1969), (5) Hardenbol and Berggren (1978) , (6) Blow (1979) , (7) zonatiòn of Toumarkine and Bolli (1970) , (8) Cordey et al. (1970) , (9) Toumarkine and Bolli (1975 Blow (FAD PI9/20, ref. 6) .
Interval from Sample 6 to Sample 12. These samples contain low-diversity, predominantly simple globigeriniform planktonic foraminifers which are not age-diagnostic. This interval is assigned to the C. chipolensis/P. micra Zone on the basis the presence of Pseudohastigerina after the extinction of the G. cerroazulensis group and Hantkenina spp. Age discrepancies between planktonic foraminiferal and nannofossil age assignments. e Age discrepancies between zonal age assignment and estimated age in m.y. result from interpolation between tie points (assuming constant sediment accumulation rates between points underlined above; Fig. 2 ).
of Zone PI9/20 and near the Zone NP23/NP24 boundary, as he suggested previously (Berggren, 1971 (Berggren, , 1972b Hardenbol and Berggren, 1978) , but at the NP22/NP23 boundary. Nevertheless, revisions in the Paleogene time scale and zonations (Berggren, pers. comm., 1982) apparently will not substantially alter the length of Zone NP23; therefore, it is probable that a disconformity exists between Samples 549A-9-6, 70-75 cm and 549A-11-6, 143-148 cm. The zonal schemes outlined in Tables 3 and 4 are dated using the time scale of Hardenbol and Berggren (1978) . There is considerable debate as to the age of the Eocene/Oligocene boundary, with one school (Odin, 1978; Odin et al., 1978; Glass and Crosbie, 1982) suggesting an age of 32 m.y. and another school maintaining an age of -37 m.y. (Berggren, 1972b; Hardenbol and Berggren, 1978; Berggren, pers. comm., 1982) . We have used the latter. Revisions or differences in the time scale used could substantially alter the "absolute timing" of the benthic events dated here. Still, the events presented are correlated with planktonic zonations, and are therefore well established (both biostratigraphically and biochronologically) relative to the various stage/epoch boundaries. The chronostratigraphic relationships of these events should not change substantially.
Benthic Foraminiferal Isotopic Record, Site 549
Isotopic analyses were performed on monogeneric samples of the benthic foraminiferal taxon Cibicidoides (Plates 1 and 2) . Interregional isotopic variations of this taxon in Holocene core tops reflect the distribution of temperature, δ 18 θ of seawater, and δ 13 C of ECO 2 of seawater in the modern oceans (Belanger et al., 1981; Graham et al., 1981) . Cibicidoides species secrete their tests lower in δ 18 θ than equilibrium values calculated from the Epstein et al. (1953) paleotemperature equation; this offset appears to be constant (-0.65 lower, Shackleton and Opdyke, 1973; Duplessy et al., 1980; Woodruff et al., 1980; Belanger et al., 1981; Graham et al., 1981) . In sampling, we noted an increase in lithification in Hole 549, Cores 549-3 to 549-8. Benthic foraminiferal recovery and preservation were poor in these cores. We there- fore suspected diagenetic alteration of the sediments recovered in Hole 549 (as was noted at Sites 400 and 398), even though the burial depths for these cores are onlỹ 220 to 280 m. Insufficient benthic foraminifers were available for analysis through most of this section. Oxygen isotopic values for Cores 549-8 and 549-10 are low (~O.O and -l.O‰ PDB, respectively) (Fig. 3, Table 5 ) relative to other lower to lower middle Eocene values for Site 119 and to lower through middle Eocene values for Site 401 (both ~0.5% 0 PDB; Miller and Curry, 1982) . These low values are similar to those noted from the diagenetically altered sections of Sites 400 and 398 (Vergnaud Grazzini et al., 1978 . Miller and Curry (1982) noted that such differences within the Bay of Biscay are oceanographically unreasonable and too great to be explained by sample biases alone (selective dissolution, analyses of mixedvs.-monogeneric assemblages). We therefore interpret these values as resulting from diagenetic alteration.
Samples from Hole 549A (and Core 549-2) show less lithification and better preservation and recovery of benthic foraminifers, whereas oxygen and carbon isotopic values are similar (Figs. 3 and 4) to the apparently unaltered isotopic records at Sites 401 and 119 (Miller and Curry, 1982) . Oxygen isotopic composition is relatively constant across the middle/upper Eocene boundary (~O.6%o) (Fig. 3) ; values increased ~O.3%o in the late Eocene and ~0.7‰ in the earliest Oligocene for a total late Eocene-to-earliest Oligocene increase of ~l.O‰. Little δ 18 θ change occurred in the Oligocene following the earliest Oligocene maximum. The value of δ 13 C increased ~0.8‰ in the early late Eocene, decreased 0.4‰ in the latest Eocene, and increased ~0.6‰ in the earliest Oligocene (Fig. 3) . The magnitude of the late Eocene to earliest Oligocene 18 O enrichment is greater in the Site 119/401 composite than at Site 549 (-1.5 and ~l.O‰, respectively). This may reflect a greater temperature drop at the deep Site 119 relative to the shallower Site 549 (the Oligocene portion of the composite record is from Site 119). The carbon isotopic record shows greater detail for the late Eocene to earliest Oligocene at Site 549, but does not show the distinct middle Hardenbol and Berggren (1978) , (6) Blow (1979) , (7) zonation of Toumarkine and Bolli (1970) . c Poag et al. (this vol.) and Müller (this vol.) report that Zone NP24 occurs just above the disconformity, whereas Zone NP23 occurs just below. The identification of Zone NP23 above the hiatus probably results from our sampling portions of reworked sediment; the identification of Zone NP22 in Sample 548A-16-4, 66-69 cm is consistent with the identification of Müller (this vol.). " The very low sediment accumulation rates computed for the section above the hiatus (less than ~ 1 m/m.y.) suggests that it is discontinuous. Oligocene δ 13 C minimum noted at Site 119 (Miller and Curry, 1982) , probably owing to a hiatus (see the preceding).
The δ 18 θ values we report for Site 549 are similar to values obtained in the Southern and Pacific oceans: Sites 277 (Campbell Plateau; 1214 m water depth; Kennett and Shackleton, 1976; Keigwin, 1980) and Site 298 (Philippine Sea; 2943 m water depth; Keigwin, 1980 Keigwin, 1980) . Comparison of Keigwin's δ 18 θ records with the benthic foraminiferal δ 18 θ record at Site 549 (Fig. 5 ) shows that the enrichments at all three locations may be considered synchronous. This conclusions assumes that the extinctions of the planktonic foraminifers used to defined the Eocene/Oligocene boundary in all three cases were synchronous (Site 549, this chapter; Site 277, Kennett, Houtz, et al., 1975; Site 277, Karig, Ingle et al., 1975) . The magnitude of the 18 O enrichment is the same at both Site 549 and Site 277. The magnitude of the enrichment at Site 292 is greater by ~0.5‰, but is similar to that noted in the Site 119/401 composite (Fig. 4) .
The 18 O enrichment in benthic foraminifers may represent a change in the isotopic composition of sea water or a drop in bottom-water temperature or both. Early studies suggested that the major buildup of continental ice in the Tertiary did not occur until the middle Miocene, and, therefore, that the enrichment noted near the Eocene/Oligocene boundary represents a major cooling (Shackleton and Kennett, 1975; Savin et al., 1975; Kennett and Shackleton, 1976; Savin, 1977) . Matthews and Poore (1980) suggested, on the other hand, that the enrichment may represent the first major buildup of continental ice on Antarctica. Geological evidence of a major pre-Miocene ice cap on Antarctica is debatable, but it is possible that a major ice cap formed in the earliest Oligocene (see summary in Kerr, 1982) .
The Matthews and Poore (1980) model requires that the enrichment in 18 O of both benthic and tropical planktonic foraminifers must have been globally synchronous, unless affected by local temperature and salinity perturbations. Presently, two exceptions to this synchronous enrichment apparently exist: at Site 292 the enrichment occurs mainly in benthic foraminifers (1.5 vs. only 0.3‰ enrichment in planktonic foraminifers) (Keigwin, 1980) ; and in the South Atlantic (Site 357), the isotopic enrichment took place between the middle and late Eocene (Boersma and Shackleton, 1977) . The record recovered at Site 357 is incomplete, however, and Boersma and Shackleton (1977) reported only one value for the late Eocene to earliest Oligocene (P15-P18) at this site. Keigwin argued that the δ 18 θ increase in benthic foraminifers represents mostly a temperature decrease because of the lack of covariance at tropical Site 292, although this could be attributed, in part, to a local surface-water warming or a decrease in salinity in the Philippine Sea. Assuming buildup of glacial ice from an ice-free Eocene world to a fully glaciated Oligocene world (with ice volume equal to present-day ice volume), Miller and Curry (1982) argued that the δ 18 θ increase must represent at least a 2°C temperature drop.
The late Eocene to earliest Oligocene δ 13 C records at Sites 549 and 277 show remarkably similar patterns, although the values are offset, differing by ~l.O‰, in part because of the different species analyzed (Cibicidoides spp., Site 549; Oridorsalis spp., Site 277, Keigwin, 1980) (Fig. 6 ). It might be hypothesized that the δ 13 C records are correlative, and that they are a function of global changes in carbon, reflecting changes in either sea level (hence increased terrestrial-carbon or shelf-carbon input; Shackleton, 1977; Broecker, 1982) or global circulation. We believe, however, that the offsets in time shown in the δ 13 C records (Fig. 6 ) are real. Assuming that the peaks in δ 13 C are correlative results in the diachronous placement of the δ 18 θ changes and the diachronous extinction of the planktonic foraminifers used to identify the Eocene/Oligocene boundary. The lack of a similar δ 13 C record at Site 292 argues against global changes in the carbon budget. The coincidence of the δ 18 θ increase and planktonic foraminiferal extinctions at all three sites argues that the δ 18 θ increases correlate (again, assuming isochronous extinctions of planktonic foraminifers) and that the changes in δ 13 C at Sites 277 and 549 were, in fact, slightly diachronous.
Benthic Foraminiferal Assemblages, Site 549
The lower to middle Eocene assemblages are dominated by Nuttallides truempyi (Plate 3) and buliminids (Bulimina glomarchallengeri, B. trinitatensis/impendens, B. semicostata, with B. jarvisi [Plate 41 becoming important in the upper middle Eocene) (Figs. 7 and 8) . Lenticulina spp., Cibicidoides sp. 1, and Osangularia spp. (Fig. 8) are also more abundant in the lower to mid- die Eocene. Oridorsalis spp. (mostly O. umbonatus), Gyroidinoides spp., Globocassidulina subglobosa, Cibicidoides ungerianus, Pullenia eocenica, and Stilostomella subspinosa are important, stratigraphically longranging, and bathymetrically wide-ranging taxa that are abundant throughout the Eocene and Oligocene (Fig. 9) . Nuttallides truempyi decreases in abundance in the lowermost upper Eocene (between ~40 and 38.5 m.y. old). The buliminids subsequently increase in abundance, only to decrease in abundance just below the Eocene/ Oligocene boundary (-37.5 m.y).
The replacement of the N. truempyi assemblage and the increase and subsequent decrease of the buliminids represent the most important faunal variations in the Eocene to Oligocene section (Fig. 7) . We made a Q-mode principal-component analysis of the 25 samples from Site 549. Principal component 2 explains 28.2% of the faunal variation (for the 48 taxa used by Tjalsma and Lohmann, 1983, and Miller, 1983 ; Table 1) in the Eocene to Oligocene section of Site 549. The N. truempyi assemblage is represented by high negative loadings on principal component 2 (Fig. 7) ; this assemblage also contains a higher than average abundance of buliminids, Osangularia spp., and Lenticulina spp. High positive loadings on principal component 2 represent the uppermost Eocene through Oligocene assemblage dominated by the long-and wide-ranging taxa (G. subglobosa, C. ungerianus, Gyroidinoides spp., P. eocenica, and S. subspinosa). Low positive loadings on principal component 2 in the upper Eocene (38.5-37.5 m.y.) represent the dominance of the buliminids after the extinction of N. truempyi.
Our assemblages compare closely with those identified by Tjalsma and Lohmann (1983) . We estimated loadings of Site 549 samples onto Tjalsma and Lohmann's (1983) principal components to determine how these samples compare with the assemblages that they defined. (Tjalsma and Lohmann, 1983) , correlating with its replacement at Site 549. Elsewhere in the Bay of Biscay, a similar timing for the replacement is noted at Site 401 ( Fig. 10) (-2.0-2.5 km depositional depth). The records recovered at the shallower Site 548 and the deeper (>3 km) Sites 119 and 400 are less complete ( Fig. 10; fig. 11 in Miller, 1983) , but the timing of the faunal replacement at these sites does not contradict the timing observed in the more completely recovered records for Sites 401 and 549. Tjalsma and Lohmann (1983) suggested that the replacement of the Nuttallides truempyi assemblage was diachronous, occurring near the early/middle Eocene boundary in "shallow" sites (<2 km) such as Site 357. Close inspection of their data shows, however, that Site 357 is the only site at which the replacement occurred at this time (Fig. 11) . In both shallower (-1.4 km depositional depth, Conslope borehole) and slightly deeper boreholes ( -2.0-2.5 km depositional depth, Sites 94, 363, and 19), the change occurred near the middle/late Eocene boundary (Fig. 11) . The diachrony of the change at Site 357 relative to other locations may have resulted from uplift of that site in the Eocene (D. A. Johnson, pers. comm., 1982) , although this would have necessitated uplift above the upper depth-limit of Nuttallides truempyi (believed to be -500-600 m; Berggren and Aubert, 1976) . Within the biostratigraphic error bars assigned here and by Tjalsma and Lohmann (1983) , and excluding Site 357, the replacement of the N. truempyi assemblage was synchronous in the North Atlantic, Gulf of Mexico, Caribbean, and South Atlantic.
In the deeper locations (>2 km) in the North Atlantic (Site 549 and Site 401, Barbados) there is a strong suggestion that Nuttallides truempyi displays two acmes in the Eocene. Peaks in abundance occurred in the early middle and late middle Eocene, and decreased abundances occurred in the middle Eocene and late Eocene (Figs. 10 and 11) . Although the replacement of the N. truempyi assemblage in the earliest late Eocene may be a useful biostratigraphic event, care must be taken to differentiate this decrease in abundance from the earlier decrease.
No major change in faunal abundance takes place across the Eocene/Oligocene boundary, although the decrease in abundance of the buliminids predates this boundary by <0.5 m.y. This agrees with the suggestion that the Eocene/Oligocene boundary was not a "catastrophic threshold" for benthic foraminifers (Corliss, 1979a (Corliss, , 1981 Tjalsma and Lohmann, 1983; Tjalsma, 1982; and Miller, 1983) .
It is apparent from Figure 12 that several first and last appearances occurred in the late Eocene to earliest Oligocene. Nuttallides umbonifera, Epistominella cf. exigua, and Astrononion pusillum (Plate 5) appeared in the late Eocene; these species constitute important faunal elements of the deep abyssal (>3 km depositional depth) Oligocene assemblage at Sites 119, 400, and 550, and their first occurrences in the late Eocene may be useful biostratigraphic levels. Rarer taxa also appeared in the late Eocene at Site 549: Bolivina antegressa, Eggerella bradyi, and Uvigerina elongata. Cyclammina placenta, Karreriella cubensis, Dentalina spp., Fursenkoina spp., and probably Cassidulina havanensis had first occurrences just above the level of the Eocene/Oligocene boundary. Some of these early Oligocene first appearances were local; for example, Karreriella cubensis and C. havanensis both occurred elsewhere in Zone Pll (Tjalsma and Lohmann, 1983) .
Several last appearances took place in the late Eocene. Nuttallides truempyi, Cibicidoides sp. 1, Bolivinopsis spectabilis, Gaudryina laevigata, G. pyramidata, G. cf. pyramidata, "Eggerella" sp., and Bulimina macilenta had their last occurrences in the late Eocene, and may therefore provide useful biostratigraphic levels. Bulimina tuxpamensis and B. semicostata had their last occurrences in the late Eocene at Site 549, but elsewhere ranged into the Oligocene (Tjalsma and Lohmann, 1983) .
Other important first appearances took place in the early to middle Eocene at Site 549: (1) Gavelinella semicribrata s.s. had its first occurrence consistently in Zone P12 in the Bay of Biscay (Miller, 1983) and elsewhere (Tjalsma and Lohman, 1983 ) (Plate 7); (2) the first occurrence of G. micra was in Zone P12 at Sites 401 and Miller and Curry, 1982.) 549 (Miller, 1983) ; elsewhere in the Atlantic, however, the first occurrence predates P12 (Tjalsma and Lohmann, 1983) ; and (3) Bulimina jarvisi first occurred in Zone P11/P12 at Site 549, in Zone P14 at Site 401 (Miller, 1983) , and in Zone P15 in the South Atlantic (Tjalsma and Lohmann, 1982) . The apparent diachrony of the appearance of this latter taxon may be due in part to differing taxonomic concepts; for example, Schnitker (1979) 
Biostratigraphy, Site 548
The Eocene through Oligocene section at Site 548 was cored with a rotary drill. The biostratigraphic age assignments for both nannofossils (M.-P. Aubry, pers. comm., 1982) and planktonic foraminifers are given in Table 4 and Figure 13 . These assignments agree well with those of the site chapter and of Müller (this vol.) and Snyder and Waters (this vol.) . A difference in the ages of sediments immediately above the "middle" Oligocene hiatus (see subsequent discussion) (i.e., assigned to Zone NP23, this chapter and to Zone NP24, Müller, this vol.) results from reworking of lower Oligocene (Zone NP23) sediments into upper Oligocene strata (Poag, pers. comm., 1983) (Table 4 ). The entire middle Eocene through Oligocene section is only -60 m thick. Our age-depth plot (Fig. 13) indicates that major hiatuses occur between the lower Eocene and the middle Eocene (between Samples 548A-21-4, 55-58 cm and 548A-22-6, 94-97 cm), the middle Eocene and the upper Eocene (between Samples 548A-17-5, 121-124 cm and 548A-18-3, 98-101 cm), and the lower Oligocene and upper Oligocene (between Samples 548A-16-3, 66-69 cm and 548A-16-4, 66-69 cm) (Table 4) . A minor hiatus may occur just above the Eocene/Oligocene boundary, for the lower Oligocene portion of Zone NP21 may be missing, Kennett, Houtz, et al., 1975) , 37.0 m.y. (188.5 m, Eocene/Oligocene boundary, Keigwin, 1980) , and 39.5 m.y. (240.5 m, FAD /. recurvus, Kennett, Houtz, et al., 1975) , which results in a constant sediment accumulation rate of 20 m/m.y. for the section laid down in the late Eocene to middle Oligocene. Site 292 age control taken by interpolating between 30.0 m.y. (225 m sub-bottom, base of Zone P21, Karig, Ingle, et al., 1975) and 37.0 m.y. (Eocene/Oligocene boundary, Keigwin, 1980) and extrapolating the sediment accumulation rate to the bottom of the section. (Site 277 and Site 292 isotopic data after Keigwin, 1980.) and the sediment accumulation rates calculated for this section are low (<3 m/m.y.). In addition, the sediment accumulation rates computed for the upper Oligocene section are also very low (~ 1.0 m/m.y.), suggesting that other hiatuses may occur in this thin (~ 10-m) interval. The punctuated nature of the Eocene to Oligocene stratigraphic record recovered at Site 548 makes it less desirable for benthic foraminiferal studies. In addition, reworking appears to be more of a problem at Site 548 that at Site 549, for middle Eocene acarininids are found in the overlying upper Eocene and Oligocene sections.
Benthic Foraminiferal Assemblages, Site 548
As at Site 549, the major Eocene to Oligocene faunal variation at Site 548 was the replacement of the Nuttallides truempyi assemblage. We made a Q-mode principalcomponent analysis of 13 samples from Site 548. Principal component 2 explains 38.2% of the faunal variation (for the 48 taxa used by Tjalsma and Lohmann, 1983, and Miller, 1983; lable 2) 14). The N. truempyi-Lenticulinα assemblage is represented by high negative loadings on principal component 2 (Fig. 14) . High positive loadings on principal component 2 represent the upper Eocene through Oligocene assemblage dominated by Gyroidinoides spp., Buliminα αlαzαnensis, and Globocαssidulinα subglobosα (Fig. 14) . Although the incomplete record at Site 548 prevents firmly dating the transition from the N. truempyi-Lenticulinα assemblage to the Gyroidinoides-B. αlα-zαnensis-G. subglobosα assemblage, loadings on principal component 2 show an increase in the upper Eocene (Fig. 14) . This suggests that the major faunal change at Site 548 began just above the middle/late Eocene boundary, and is therefore coincident with the faunal replacement of the N. truempyi-dominated assemblage at Site 549 (Fig. 10 ).
Biostratigraphy and Benthic Foraminifers, Site 550
The middle Eocene through Oligocene section (all cored with rotary drill) recovered at the deep Site 550 (4432 m water depth) occurs between ~ 306 and 320 m sub-bottom (site chapter; Fig. 15 ). Examination of this section reveals it to be very disturbed. Planktonic foraminiferal assemblages show evidence of contamination by Plio-Pleistocene and Cretaceous forms. In addition, planktonic foraminifers, nannofossils, and benthic foraminifers (Plate 7, figs. 6-12) all show evidence of strong dissolution.
An unconformity probably occurs at -309.5 m subbottom. The hiatus separates the Oligocene from the Eocene; biostratigraphic resolution of the age of sediments above and below the disconformity is lacking, although it appears to separate middle Oligocene from upper Eocene strata (see discussion following; Figs. 15 and 16). Another hiatus, separating upper Eocene from middle Eocene strata, may occur somewhere in the interval between 311 and 316 m sub-bottom.
Planktonic foraminiferal age assignments for the Eocene to Oligocene section at Site 550 are confused. Middle Eocene planktonic foraminifers occur in Samples 550-25-1, 117 cm through 550-24-5, 56 cm, whereas Sample 550-24-4, 134 cm contains abundant Globorotalia opima nana, indicative of post-middle Eocene. However, the overlying samples (550-24-4, 101 cm through 550-24-1, 144 cm) contain middle Eocene planktonic foraminifers (Acarinina cf. aspensis, A. densa, A. cf. pentacamerata, A. cf. broedermani) . On the basis of its nannofossils, the entire interval between Samples 550-25-1, 117 cm and 550-24-2, 144 cm is assignable to the lower middle Eocene (M.-P. Aubry, pers. comm., 1982) (Fig. 15) .
Benthic foraminifers may be used in sorting out the confused stratigraphy of Site 550 (Fig. 15) . Nuttallides truempyi dominates the benthic foraminiferal assemblages between 311 and 320 m sub-bottom; a decrease in abundance of N. truempyi occurs between ~ 316 m and 311m sub-bottom. This decrease can be interpreted in at least three ways: (1) it may represent the transition from the N. truempyi-dominated assemblage to the Oridorsαlis-Gyroidinoides-G. subglobosα-C. ungeriαnus assemblage that occurred near the middle/late Eocene boundary at Site 549; (2) it may represent the decrease in abundance of N. truempyi that occurred in the early middle Eocene at Site 549; or (3) it may represent a mixing interval, resulting from bioturbation or core disturbance. Several last appearances of benthic foraminiferal taxa that occurred elsewhere near the middle/late Eocene boundary (Fig. 15) are recorded in Sample 550-24-2, 144 cm, suggesting that this decrease in abundance represents the middle/late Eocene boundary. The nannofossil evidence (M.-P. Aubry, pers. comm., 1982) suggests, however, that this decrease in abundance represents the early middle Tjalsma and Lohmann, 1983) . Error bars on percentages indicate 80% confidence interval.
Age (m.y.) Figure 13 . Zonal age assignments and estimated average sediment accumulation rates, Site 548 (Hole 548A). Error bars indicate the length of the biozone(s) to which the sample have been assigned (Table  4) . Solid dots indicate ties for interpolating estimates of sediment accumulation rate and age. Eocene decrease and that the last occurrences of benthic foraminiferal taxa are truncated at this site. The poor record at this site precludes further resolution. The overlap of Nuttallides umbonifera (FAD late Eocene) and Abyssamina spp. (LAD late Eocene; Tjalsma and Lohmann, 1983) suggests that Sample 550-24-1, 144 cm is upper Eocene. However, considering the disturbance noted here, this conclusion remains tentative.
Nuttallides umbonifera occurs in high (>20%) abundance in Samples 550-24-1, 74 cm and 550-23,CC. An acme of this species was noted at the nearby Sites 119 and 400 in the middle Oligocene (Miller, 1983) , suggesting that these samples are middle Oligocene. This is consistent with the nannofossil and planktonic foraminiferal evidence.
The Eocene/Oligocene Boundary and Benthic Foraminifers
Our data from Site 549 definitively show the nature and timing of the major Eocene to Oligocene benthic foraminiferal assemblage changes at intermediate depths (~2 km) in the North Atlantic. At both Site 549 and Site 548, the major faunal change was the replacement of the Nuttallides truempyi assemblage just above the middle/late Eocene boundary; this can be shown to have occurred throughout the North Atlantic, South Atlantic, Caribbean, and Gulf of Mexico at this time. Other faunal changes recorded at Site 549 include (1) a series of extinctions and local last appearances of taxa in the late Eocene; (2) a series of first appearances (some of which were local) in the late Eocene to earliest Oligocene; and (3) the replacement of a buliminid assemblage just below the Eocene/Oligocene boundary.
The most dramatic faunal change occurred not at the shallow and intermediate depths but at the deeper (> 3 km depositional depth) sites (119, 400, and 550). Dominant Nuttallides truempyi, Clinapertina spp., and Abyssammina spp. (together with Alabamina dissonata, Aragonia spp., and other elements of the endemic deep-Eocene assemblages) became extinct between the middle Eocene and the Oligocene; they were replaced by an increasing abundance of wide-and long-ranging taxa (Miller, 1983) .
The debate over "terminal Eocene" benthic foraminiferal changes is to some degree a semantic problem. No "crisis" (Kennett and Shackleton, 1976) or "peak in faunal turnover" (Schnitker, 1979) is associated with the level of the Eocene/Oligocene boundary in the size-fraction studied. Major benthic foraminiferal changes occurred, however, between the middle Eocene and the early Oligocene (Corliss, 1979b (Corliss, , 1981 Tjalsma, 1982; Tjalsma and Lohmann, 1983; Miller, in press; this chapter) . The data presented here suggest that faunal changes occurred at intermediate depths throughout the late Eocene to earliest Oligocene. Certainly the material studied (depending upon recovery, preservation, geographic location, and depositional depth) and the approach in analysis can affect the perceptions and conclusions drawn as to the timing of the faunal change. (Considerations regarding the analytical approach would include the sizefraction studied; whether ranges or abundances were studied; whether R-mode or ß-mode principal-component, factor, or cluster analyses were employed; and whether plotting was against time or against depth.) Corliss (1979b Corliss ( , 1981 , Tjalsma (1982) , Tjalsma and Lohmann (1983), Miller (1983) and this study are in agreement, nonetheless, that a series of faunal changes occurred in benthic foraminifers between the middle Eocene and the early Oligocene, although the timing of the changes at the deepest sites (>3 km depositional depths) is poorly constrained in all these studies.
Major benthic faunal changes also occurred in the late Paleogene in ostracodes. Between the middle Eocene and the early Oligocene, the modern cold-water ostracode fauna developed; this has been attributed to the development of cold bottom-water circulation and the associated development of the oceanic cold-water sphere (= psychrosphere) (Benson, 1975) . Ducasse and Peypouquet (1979) similarly noted that the psychrospheric ostracode fauna appeared in the late Eocene at Site 406 (southwest margin of Rockall Plateau). The exact timing of the change in ostracodes is debatable (compare Benson, 1975 , with Corliss, 1981 ; it is clear, however, that between the middle Eocene and the early Oligocene, benthic faunas, both ostracodes and foraminifers, underwent a major reorganization.
The relationship of the benthic foraminiferal isotopic and assemblage changes is well defined at Site 549. The faunal changes began ~ 1 m.y. before the l‰ oxygen isotopic enrichment, which occurred between -38.5 and 36.5 m.y. ago (late Eocene to earliest Oligocene). However, the decrease in abundance of Nuttallides truempyi (Figs. 7, 8, 10) was coincident with an increase in δ 13 C (~0.5‰; -38-40 m.y. ago; Figs. 3 and 6) .
Benthic foraminiferal δ 13 C values subsequently decreased in the late Eocene, while δ 18 θ values increased O.3%o. These isotopic fluctuations occurred coevally with fluctuations in abundance (Figs. 8 and 9) and with several first and last appearances of taxa (Fig. 12) , some of which were local. Upsection from the sharp increases in both δ 18 θ and δ 13 C just above the Eocene/Oligocene boundary at Site 549, the benthic foraminiferal assemblages are dominated by taxa that may be interpreted as tolerant of environmental changes (e.g., the bathymetrically wide-ranging and stratigraphically long-ranging Globocassidulina subglobosa, Gyroidinoides spp., Cibicidoides ungerianus, Oridorsalis umbonatus, Pullenia eocenica, and Stilostomella subspinosa; Fig. 9 ). We concur here with Corliss (1981) , who suggested that late Paleogene deep-sea benthic foraminifers, in general, may have had wide environmental tolerances. This is further illustrated by the many taxa that range throughout the Eocene to Oligocene section (Fig. 12) , despite changes in abyssal circulation inferred from the isotopic, lithologic, and seismic stratigraphic records. For this reason it may be that the greatest isotopic changes, the earliest Oligocene 18 O and 13 C enrichments, were not associated with the greatest faunal abundance change, viz. the replacement of the Nuttallides truempyi assemblage.
With the resolution provided by Site 549 data, we can compare the changes in faunal isotopic and assemblage composition with the circulation model of Miller and Tucholke (1983) . The benthic foraminiferal and isotopic evidence points toward the development of abyssal circulation over a period of several million years (between -40 and 36.5 m.y. ago). The change from sluggish to vigorous, intense bottom-water circulation can be dated from the seismic record in the Rockall region as late Eocene to earliest Oligocene (Miller and Tucholke, 1983) . Owing to uncertainties in the correlation of Reflector R4, the circulation change associated with Reflector R4 could correlate with the late Eocene to earliest Oligocene isotopic changes or the benthic foraminiferal assemblage changes. Roberts (1975) and Miller and Tucholke (1983) have suggested that Reflector R4 dates from the latest Eocene to the earliest Oligocene (~ 38-36 m.y. ago), and that the circulation event associated with this horizon was a geologically rapid event, although uncertainties in the biostratigraphy and the correlation of Reflector R4 with data for the various boreholes prevent absolutely establishing this. If this age assignment is correct, Reflector R4 and the associated circulation change correlate with the major 18 O enrichments, but postdated the initial faunal changes.
Our suggestion that the faunal and isotopic changes in the North Atlantic may be attributed to the influx of cold, northern sources of bottom water may be debated, in view of the isotopic and stratigraphic records from other basins. The faunal and isotopic changes discussed here have been noted in samples from several different ocean basins over a wide range of depositional depths. The interpretation that the North Atlantic had an Oligocene northern source of bottom water is derived, however, from the seismic stratigraphic record (Miller and Tucholke, 1983) , and does not rely upon faunal and isotopic data. Reflector R4, which is associated with the initiation of more vigorous bottom-water circulation, is found in bathyal (e.g., the Hatton-Rockall Basin) through abyssal locations, indicating influence of northern sources of bottom water over a wide range of depths in the North Atlantic. Southern bottom-water influences on the northeast North Atlantic were probably minimal owing to the restriction of flow from the south by the Azores-Biscay Rise (Fig. 1) , Azores-Gibraltar Rise, and Madeira-Tore Rise (Miller and Tucholke, 1983) . Still, evidence of widespread unconformities in the Southern and Pacific oceans (Moore et al , 1978) supports the idea that these basins had a southern (Antarctic) source of Oligocene bottom water, as suggested by Kennett and Shackleton (1976) . We speculate that both northern and southern sources of cold bottom water began near the end of the Eocene; this is evinced in a synchronous increase in benthic foraminiferal δ 18 θ. The synchronous 18 O enrichment associated with cold bottom-water formation in both the Antarctic and in the polar/subpolar marginal basins of the North Atlantic may have resulted from the formation of southern bottom-water sources after the tectonically controlled entry of northern sources of bottom water into the North Atlantic (Miller, 1982) . 
Distribution of Hiatuses in the Bay of Biscay and Goban Spur Regions
A major middle Oligocene hiatus occurs at Site 548 (Poag et al., this vol.) and probably at Site 549 (this chapter; Müller, this vol.) . A similar hiatus may occur at Sites 401 and 402 on the Armorican Margin (Fig. 17) . Coring gaps prevent constraining the timing at Sites 401 and 402, however, and the hiatus there may correlate with a hiatus associated with the Eocene/Oligocene bound- ary at Sites 119, 400, 550, and possibly 548. A middle Oligocene hiatus probably occurs at the deep Site 400; although the Oligocene of the deep Site 119 is apparently continuous, the biostratigraphic control is poor enough that a minor hiatus may lie undetected (Miller, 1983) . The middle Oligocene hiatus is found predominantly at "shallow" sites (Sites 549, 401/402: 2-2.5 km depositional depth; Site 548: ~l.O km depositional depth) (Fig. 17) , although the unconformity probably occurs to deep sites. This hiatus is coeval with a major middle Oligocene (basal Zone P21A; 29 m.y.) sea-level lowering indicated by Vail et al. (1977) , but it is not clear whether the two are related. The hiatuses cannot have resulted from subaerial exposure, for this would have required kilometers of uplift (or sea-level fall) and immediate sub- Figure 17. Summary of paleoceanographic events. Column A indicates abyssal circulation events inferred from seismic stratigraphic studies of Miller and Tiicholke (1983) , column B indicates benthic foraminiferal assemblages and timing of changes, column C indicates timing of major benthic foraminiferal isotopic events, and column D indicates bottom-water history inferred from the data in columns B and C. The middle Oligocene faunal and isotopic events are taken from Miller and Curry (1982) and Miller (1983) ; the early Eocene climatic optimum is taken from Haq (1981) . sidence (or sea-level rise). Vail et al. (1977) suggested that deposition during sea-level lowstands (e.g., the middle Oligocene) results in lowstand deposits in deep-marine basins. Thus, deposition, and not the development of hiatuses, might be expected at these intermediate depths during lowstands (Tucholke, 1981) . Alternative possible causes of the middle Oligocene hiatus include (1) the increased downslope erosion that occurs during lowstands (Vail et al., 1977) , an interpretation that we favor; (2) interruption of sedimentation by tectonism associated with the Pyrenean orogeny (such tectonism is widespread throughout the northeastern Atlantic, including the Bay of Biscay; Boillot et al., 1979; Montadert et al., 1979) ; and (3) erosion by bottom currents. At the abyssal sites (118, 119, 400, and 550; all depositional depths > 3 km), the major hiatus appears to be associated with the Eocene/Oligocene boundary (Fig. 17) and thus related to the abyssal circulation event noted by Miller and Tucholke (1983) . Again, this hiatus may be partially the result of Eocene-Oligocene tectonism. However, Miller and Tucholke (1983) note the development of a similar latest Eocene to early Oligocene hiatus in the Rockall Plateau region, correlated this hiatus with Reflector R4, and argued that the hiatus resulted from a major circulation change.
The shallower, middle Oligocene erosional event postdated the deeper erosional event. If the record at 1 to 2 km (depositional depth) reflects eustatic sea level (e.g., Poag et al., this vol.), then there was no causal link of eustacy with the current-controlled event. This agrees with the suggestion of Tucholke (1981) that there may be no consistent causal link between sea-level change and the development of unconformities in the deep sea. Recently acquired data from the continental slope of the U.S.A. supports the idea that the deep-sea circulation event, denoted by Horizon A u , predates the major sealevel lowering denoted by canyon-cutting along the continental margin (G. S. Mountain and B. E. Tucholke, pers. comm., 1982) . In view of this, we present a scenario that could explain the development of late Paleogene hiatuses: (1) a latest Eocene to earliest Oligocene hiatus developed in the deep North Atlantic in response to a bottom-water event; (2) at intermediate depths, middle Oligocene deposition was discontinuous because of possible sea-level effects (Vail et al., 1977) .
Paleoceanographic Synthesis
Site 549 is the first North Atlantic DSDP site where coring yielded continuous recovery of well-dated upper Eocene through lower Oligocene sediments, apparently unaltered by diagenetic or dissolution effects. This allows a detailed comparison of the benthic foraminiferal assemblage and isotopic records and the interpretation of these records in light of the development of North Atlantic abyssal circulation. Although the middle Oligocene record was poorly recovered on Leg 80, we have used evidence for middle Oligocene abyssal circulation changes from Sites 119 and 400 (for a full discussion of these data, see Miller and Curry, 1982, and Miller, 1983) and from the abyssal circulation model of Miller and Tucholke (1983) . Figure 17 shows a summary of development of abyssal circulation, and demonstrates that the evolution of the Oligocene ocean from the Eocene ocean was not a rapid event as suggested by Kennett and Shackleton (1976) . The major faunal and isotopic events spanned ~4 m.y. Nevertheless, there is some evidence that these "gradual" (Corliss, 1979b (Corliss, , 1981 or "sequential" (Tjalsma and Lohmann, 1983) changes were punctuated by a geologically rapid event, as suggested by Kennett and Shackleton (1976) . Although the overall 18 O enrichment occurred in an approximately 2-m.y. interval (assuming constant sediment accumulation rates, Figs. 2 and 3) , the early Oligocene 0.7% 0 18 O and 0.6‰ 13 C enrichments occurred in an interval of <0.5 m.y. This agrees well with the estimates for the duration of the δ 18 θ change previously noted by Kennett and Shackleton (1976) and Keigwin (1980) .
The major change in abyssal circulation inferred from the seismic record apparently postdates the first faunal and isotopic changes. We suggest this scenario for the data in Figure 17 : (1) a series of hydrographic changes, which may represent the first influence of Arctic and/or Norwegian-Greenland Sea water on the deep North Atlantic, began by the late Eocene; (2) these changes culminated in a major temperature drop, decrease in age of bottom water, and a strong increase in intensity of circulation near the Eocene/Oligocene boundary; and (3) subsequently in the middle Oligocene, the general intensity of abyssal circulation decreased, and bottom waters became older and more corrosive again. CONCLUSIONS 1. Major benthic foraminiferal changes occurred at Site 549 in the late Eocene to early Oligocene:
A. A Nuttallides truempyi-àovam&teà assemblage was replaced in the early late Eocene (-38.5-40 m.y. ago).
B. The succeeding buliminid assemblage was replaced by an assemblage dominated by stratigraphically long-ranging and bathymetrically wide-ranging taxa just below the Eocene/Oligocene boundary (-37.5 m.y. ago).
C. In addition to these abundance changes, a series of last appearances occurred in the late Eocene, and a series of first appearances occurred in the late Eocene to earliest Oligocene.
2. Isotopic results from Site 549 show that A. A δ 13 C increase of ~0.6‰ correlates with the replacement of N. truempyi.
B. A major δ 18 θ increase began -38 m.y. ago (late Eocene), culminating in a rapid (<0.5-m.y.) increase in δ 18 θ just above the Eocene/Oligocene boundary ( -36.5 m.y. ago). A rapid δ 13 C increase correlates with this latter δ 18 θ increase.
3. Faunal results from Site 548 show that an assemblage dominated by N. truempyi and Lenticulina spp. was also replaced between the middle Eocene and the late Eocene by an assemblage dominated by a Gyroidinoides-Bulimina alazanensis-Globocassidulina subglobosa assemblage. The timing of this faunal change is more obscure owing to numerous hiatuses present at this site.
4. The Leg 80 data are combined with faunal and isotopic data from Legs 12 and 48, and with an abyssal circulation history derived from seismic stratigraphic studies of the Labrador Sea and the Rockall region in the following scenario:
A. Old, warm, corrosive, and sluggishly circulating bottom water was replaced by younger, colder, and more vigorously circulating bottom water, which had a northern source (Arctic and/or Norwegian-Greenland Sea). This developed throughout the late Eocene (40-37 m.y. ago), but was punctuated by a rapid event just above the Eocene/Oligocene boundary ( -36.5 m.y. ago).
B. During the middle Oligocene, bottom-water circulation was reduced, and the age and corrosiveness of bottom water increased.
5. On the basis of the sediment distribution in the Bay of Biscay and the Rockall region, we suggest that A. A latest Eocene to earliest Oligocene hiatus developed in the deep North Atlantic in response to a bottom-water event.
B. At intermediate depths, middle Oligocene deposition was discontinuous owing to sea-level effects.
Although the scenarios for the development of abyssal circulation and hiatuses are far from completely developed or correct in detail, they account for the lithostratigraphic, seismic stratigraphic, biostratigraphic, and isotopic data that must be considered in paleoceanographic studies.
